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Abstract 
Today, special materials are used at more and more places. These materials generally are characterized by excellent mechanical properties. The 
aluminium foam is one type of special material. This material can be characterized by ultra-light weight and very high strength. Moreover, this 
material has very good vibration absorbing capability due to the cellular structure. Nowadays, these materials are used not only in the building 
industry, but also in vehicle and aircraft industry started to use them. Milling is necessary for becoming to be installed. Due to the metal-
ceramic components, milling of these materials is able only with special equipments. Since the aluminium tends to smear (during the milling), 
therefore the same situation is at aluminium foams. The cell structure even increases this phenomenon. Therefore, deburring appears as 
separate cost, during the milling process (next to machine cost). Is known a lot of deburring technologies, in order to select the right technology 
we need to know theoretical basics and the size of expected costs of deburring technologies. The aim of our research is to investigate the 
possibilities of machinability of aluminum foam with help of ultrasonic technology (how to machining economically without burrs). 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Cellular metals such as foamed metals are attractive material for light weight design. Several types of metallic foams have 
been produced [1,2] since the first invented “foam-like mass of metal” in 1948 [1]. A number of metals and alloys can be foamed 
[1,2], but among these the aluminium foams are the most studied and have the highest application and market potential [1,2]. 
Despite the developments of different production routes for a range of prototypes and of small scale plants for semi-finished 
foam products [1,2,3,4], there is still a lack in commercialization of aluminium foams. We developed a novel metal foaming 
technology [1] which resulted in a new type of aluminium foam called ALUHAB. 
This foam can be produced with controlled cell size and mechanical properties. It is a new material which combines the light-
weight structure of polymers and the strength and resistance of metals. By controlling the cell size of the metal foam a broad 
range of density and mechanical strength combination can be achieved. It also exhibits excellent sound and energy absorbance, 
which are essential in the field of safety. This new process is cost efficient and since the resulting foam is stable it can be cast in 
different shapes and can also be used as a core material to fabricate composite structures. 
Production of foamable composites 
The matrix alloy of ALUHAB is a special foamable composite containing ultrafine particles (80nm-20μm). The composite is 
made by a special high temperature compounding technology which ensures the homogeneous distribution of the foam 
stabilizing particles. Thus, it is possible to produce foamable alloys from any composition from casting to wrought alloy. 
Foaming of aluminium 
In contrast to previous technologies the size of bubbles (and hence the density of the foam) is adjustable and can be changed 
during the foaming with the same injector. Thus, foams with mixed cell size can be produced as well. Due to loud-nozzle 
© 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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technology the cell size of ALUHAB can be adjusted precisely. The minimum size of bubble can be as small as the diameter of 
the nozzle, thus, sub-millimeter bubbles can be produced. The recent cell size of ALUHAB is in the range of 0.5-5.0mm. 
 
 
Fig. 1. Effect of the sample size on the reproducibility of the compressive strength (AlSi10/8vol%SiCp(2μm)). 
Foam density is 0.6g/cm3, average cell size is 1.0mm [17] 
 
ALUHAB foam has high strength: the compressive and the tensile strength of foam of 1g/cm3 density can vary from 40 to 
80MPa, while the flexural strength is 140MPa. The high strength of ALUHAB is due to the unique homogeneity of foam cells 
and the ultrafine stabilizing additive, which has a further strengthening effect. To ensure reliability of the measurement of 
material parameters such as mechanical strength, the effect of the sample size on the reproducibility of compression strength was 
investigated. As Fig. 1. shows for the proper determination of the compression strength at least 30 cells large test samples are 
required. 
The effect of the density and the homogeneity of the foam structure on the compression strength were also investigated. The 
curves of Fig. 2. illustrate the changes in compression properties with increasing foam density. 
Regarding the specific strength values, the ALUHAB competes with plastics, aluminium and magnesium alloys. Its heat 
conductivity is around 32W/mK (of a 1g/cm3 density foam). The structure homogeneity of ALUHAB foam is shown on Fig. 3. 
 
Fig. 2. The effect of the density, homogeneity and structural defects on the compressive properties of ALUHAB aluminium foams. 
(AlSi10/5vol%SiCp(2μm)). The thickness of the black marker is 1.0mm) [17] 
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                                        a                                                                                                                                          b 
Fig. 3. Optical image (above) and radioscopic slices (below) of 0.4g/cm3 density (a) and 1.0g/cm3 density (b) ALUHAB aluminium foams [17] 
 
Table 1. describes the main technical parameters of ALUHAB foams with different densities. All of these parameters can be 
designed according to the requirements. 
By the application of casting technologies (low pressure casting, die-casting, cast rolling) ALUHAB can be easily shaped 
upon user demands. 
 
Table 1. Main characteristics of low and high density ALUHAB aluminum foams [17] 
Characteristic Low density High density Unit 
Composition A359/5vol% 
SiCp(2μm) 
A359/20vol% 
SiCp(10μm) 
 
Density 400 1000 kg/m3 
Average cell size 1.15 0.65 mm 
Cell size half width 0.21 0.05 mm 
Compressive strength 6 40 MPa 
Compressive modulus 500 7000 MPa 
Densification strain 40 25 % 
Specific energy absorption 
20% strain 3.2 8 kJ/kg 
50% strain 8.3 26.3 kJ/kg 
Volumetric energy absorption 
20% strain 1.2 8 MJ/m3 
50% strain 3.1 26.3 MJ/m3 
Heat conductivity 12 32 W/mK 
2. Research of machining opportunities 
The ALUHAB® can be laminated, therefore can be used as raw materials at composites with sandwitch structure. The first 
experiments, related to material, we made on this structure composite. (Fig. 4) 
2.1 Preceding experiments of research 
We laminated (Fig. 4) two types of ALUHAB® by carbon fiber composite (CFRP). Table 2. shows the properties of tested 
aluminium foams.  
 
 
 
 
 
 
 
 
 
Fig. 4 Laminated specimen with 0,9 g/cm3 density, used for preceding experiments [13] 
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For preparing of CRFP layers we used pre-impregnated composite plate. During the experiments we compared 3 different 
drilling cycles, we measured vibration diagnostics and cutting forces. Machining of this material is not difficult, even though 
number of other factors make it difficult: 
x Napping on CFRP layer 
x Intensive tool wear due to combinings of ALUHAB 
x Smearings of ALUHAB cells, negative burrs (!) 
Removing of chip of aluminium foam from the linear conductors has major priority about her abrasive effect. Protection of 
machine tools is therefore necessary. Chip shapes generated during the experiments are presented in Fig. 5.  
 
Fig. 5. Chips of the two Aluhab® [13] 
3. Overview of deburring 
What constitutes a “burr-free” part varies among companies and quality control departments. For some, it means having no 
loose materials at an edge. For others, it means having nothing visible to the naked eye or an edge condition that will not cause 
any functional problem in the next assembly process. Missing material or a hump of rounded metal at an edge may or may be 
called a burr [14]. 
Edge quality is of concern for the performance, safety, cost, and appearance of a part. The following is a reasonably complete 
list of the problems caused by improperly finished edges: 
x Cut hands in assembly or disassembly. 
x Interference fits in assemblies. 
x Jammed mechanisms. 
x Scratched mating surfaces that allow seals to leak. 
x Increased or changed friction. 
x Increased wear on moving or stressed parts. 
x Electrical short circuits. 
x Cut wires from sharp edges and sharp burrs. 
x Unacceptable high-voltage breakdown of dielectric. 
x Irregular electrical and magnetic fields. 
x Clogged filters and ports from loose burr accumulation. 
x Cut rubber seals and O-rings. 
x Turbulence and nonlaminar flow. 
x Reduces formability. 
x Inaccurate dimensional measurements. 
 
3.1. Deburring processes 
Fig. 6 illustrates the most commonly used deburring processes. Unfortunately, no single machine or process produces all the 
required edge quality on every edge for every burr without side effects [14]. 
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Fig. 6. Principal deburring processes and their removal mechanisms [14] 
 
3.2.  Deburring Economics 
Few examples of comparative deburring economics have been published. The following equations provide a reasonbeen 
estimate of costs using various processes. The equations use following terminology [14]: 
C -   Deburring cost per part. 
CD - Depreciation cost per hour  = Machine cost per operating hours. 
CM - Maintenance cost per hour of operation. 
CL - Labor cost per hour to run machine. 
CP - Cost of power used. 
CA - Cost of cleaning per hour after deburring. 
CE - Cost of media per hour = media cost x percentage of hourly attrition. 
CC - Cost of compound per hour. 
CW - Cost of water per hour. 
DO - Overhead as percentage of labor rate. 
N - Number of parts run per hour = n/t. 
n - Number of parts run per cycle. 
t - Time (hours) per cycle. 
Cg - Cost of gas per cycle. 
W - Power used, in kilowats. 
Ct - Total tool cost. 
Np - Total number of parts. 
Cs - Total cost of solution. 
K1 - Percentage of cycle time that operator actually spends controlling deburring operation. 
K2 - Percentage of cycle time that operator spends cleaning parts. 
CB - Cost of cleaning materials per hour. 
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For vibratory (loose abrasive) processes, use 
 
ܥ ൌ ሾܥ஽ ൅ ܥܯ ൅ܹܥܲ ൅ ܥܤ ൅ ܥܧ ൅ ܥܥ ൅ ܥܹሿȀܰ ൅ ሾܥܮሺͳ ൅ ܦܱሻሺܭͳ ൅ ܭʹሻሿȀܰ   (1) 
 
For thermal energy methods, use 
 
ܥ ൌ ሾܥܦ ൅ ܥܯ ൅ ܥܮሺͳ ൅ ܦܱሻܹܥܲ ൅ ܥܣሿȀܰ ൅ ܥ݃Ȁ݊ ൅ ܥݐȀܰ݌     (2) 
 
For brush deburring, use 
 
ܥ ൌ ሾܥܦ ൅ ܥܯ ൅ ܥܮሺͳ ൅ ܦܱሻܹܥܲ ൅ ܥܣሿȀܰ ൅ ܥܾȀܰ݌ͳ      (3) 
 
For flame deburring, use 
 
ܥ ൌ ሾܥܦ ൅ ܥܯ ൅ ܥܮሺͳ ൅ ܦܱሻܹܥܲ ൅ ܥܣሿȀܰ ൅ ܥ݃Ȁ݊      (4)  
  
For manual deburring, use 
 
ܥ ൌ ܥܮሺͳ ൅ ܦܱሻ ൅ ܥܣሿȀܰ ൅ ܥݐȀܰ݌        (5) 
 
For mechanical deburring, use 
 
ܥ ൌ ሾܥܦ ൅ ܥܯ ൅ܹܥܲ ൅ ܥܣ ൅ ܥܮሺͳ ൅ ܦܱሻሿȀܰ ൅ ܥݐȀܰ݌      (6) 
 
For Chemical deburring, use 
 
ܥ ൌ ሾܥܦ ൅ ܥܯ ൅ܹܥܲ ൅ ܥܣ ൅ ܥܮሺͳ ൅ ܦܱሻሿȀܰ ൅ ܥݏȀܰ݌      (7) 
 
For electropolish deburring, use 
 
ܥ ൌ ሾܥܦ ൅ ܥܯ ൅ܹܥܲ ൅ ܥܣ ൅ ܥܮሺͳ ൅ ܦܱሻሿȀܰ ൅ ܥݐȀܰ݌ ൅ ܥݏȀܰ݌ͳ     (8) 
 
These equations have some important limitations. First, they assume that the concentional form of the deburring process is 
used. As mentioned earlier, it is frequently possible to alter the process slightly to obtain faster or better results. Such alterations 
may insert another cost term into the equation, however. Unless the conventional approach is used, the equation provide only 
initial estimates of cost. 
A second limitation of these equations is that they assume that the one knows the value of each component and the time 
required  to remove the burr. Although it is possible to use “rule of thumb” costs for media, compounds, and the like, only a few 
publications provide any information on the time required to remove a burr of a specific size. As additional research is reported, 
this will become less of limitation. In the interim, information can be extrapolated from the results produced by other parts 
subjected to the same process. 
At third limitation of these equations is that they ignore the costs of floor space, area heating, lighting, maintenance, 
insurance, and supervision. 
The data shown in Table 2. are reasonable estimates of costs for working with precision aerospace components. 
Note that vibratory deburring is typically one of the least expensive processes that can be used if the burrs are accessible [14]. 
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Table 2. Typical costs of various processes (in EUR per unit) 
Cost item Vibratory Thermal Energy Method (TEM) Manual Chemical 
CD 0,348 4,35 0 0,174 
CM 0,0348 0,87 0 0,0174 
CL 4,35 4,35 4,35 4,35 
CP 0,0348 0,0348 0,0348 0,0348 
CA 0 5,046 4,785 4,785 
CE 0,522 0 0 0 
CC 0,261 0 0 0 
CW 0,1305 0 0 0 
DO 0,696 0,696 0,696 0,696 
N 43,5 1,305 10,44 348 
n 87 5,22 0,87 87 
t 1,74 0,00348 0,0696 0,2175 
Cg 0 0,2088 0 0 
W 3,48 3,48 0 0 
Ct 0 0,87 0,87 0 
Np 348 348 348 348 
Cs 0 0 0 5,22 
Calculated C 0,09222 0,0174 1,0527 0,04524 
K1 0,1479 0 0 0 
K2 0,1479 0 0 0 
CB 0,522 0,696 0,522 0,435 
 
4. Burr formation mechanism 
Burrs, flash, and related protrusions are formed by the six physical processes listed in Table 3. Burrs formed by the first three 
processes involve plastic deformation of the workpiece material. Solidification of material on the working edges, the fourth 
processes of formation, forms a burr-like projection. The fifth process, incomplete cutoff, occurs when the workpiece is allowed 
to fall from the part before the cut is completed. Flash forms whenever the pressure on molten material is sufficient to force the 
material between the two halves of a die or mold. The examples of burr types we can see on Fug. 7 and on Fig. 8 shown on the 
theoretical definition of burr characteristics [14]. 
 
Table 3. Physical processes involved in the formation of burrs, flash, and related protrusions [14] 
Process Name of protusion 
Lateral flow of material Poisson burr 
Bending of material (such as chip rollerover) Rollover burr 
Tearing of chip from workpiece Tear burr 
Redeposition of material Recast bead 
Incompletete cutoff Cutoff projection 
Flow of material into cracks Flash 
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Fig. 7. Examples of burr types; poisson and entrance burr 
Fig. 8. Definition of burr characteristics [14] 
4.1 Burrs from Milling operations 
In end-milling operations, Poisson burrs are formed on edge 1. Depending upon cutter geometry, they also form on edges 2, 4 
and 10 (Fig. 9 and Fig. 10). An entrance burr occurs on edge 6. Rollover burrs are produced on edges 3, 7, and 9. On half of 
edges 5 and 8 an entrance burr is produced, whereas a rollover burr equals the radial depth of cut until the cut exceeds 0,6 times 
the tool diameter. For deeper cuts the heighet tends to remain constant at 0,6 times the tool diameter, although it may vary with 
workpiece properties and tool forces [14]. 
Fig. 9 Burr locations on slots produced by side or end mills 
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Fig. 10 Identification of burr locations in end-milling edges of workpieces [14] 
 
 
 
2. Ultrasonic machining of ALUHAB® 
We can conlude from experimental results, that for exact technological recommendations we need further studies. We had 
opportunity at our partner DMG Mori in Stiphausen to do experiments on ultrasonic machining centre. Differently from previous 
experiments, we did milling operations. 
The central element of ultrasonic-based machine is specially, for this purpose developed spindle with tool system, known as 
appropriated tool system for HSK standard. It takes across the high-frequency of ultrasound technology by induction from the 
spindle to the Ultrasonic HSK clamping, which puts the tool into vibrational mode. The contact between tool and work-piece 
creates and terminates fifty thousand times by oscillation. By using of the technology, chips becomes detached from the surface 
of work-piece only in small pieces. Fig. 11. shows the conceptual drawing of technology. 
 
 
Fig. 11. DMG – Sauer Ultrasonic technology [16] 
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2.1 Slot milling of ALUHAB® on machining centre DMG Ultrasonic 
Place of experiment: 
Stipshausen, Germany 
DMG Mori – Sauer Research Centre 
Properties of used ALUHAB®: 
Table 4. Types of workpieces 
Material Density g/cm3] 
1. AlSi10 6AlO6 0,4 
2. 6061 8AlO6Mg 0,9 
Used measuring devices: 
x Digital microscope 
x Thermal camera: Flir T360 
Type of machine tool: 
DMG Mori Ultrasonic 85 monoBlock® 
Used tools: 
1. Carbide tool with coat  
2. Tungsten carbide, with polished surface 
 
Properties of aluminium foam changes for inhomogeneous, cell structure at using of liquid cooling lubricant. Therefore we 
cooled the tool only with compressed air. 
During the experiment we made 50 milimeter long grooves on both material, with two-type tool, 3-3 cutting speed values, with 
constant depth of cut (ap) and feed per tooth (fz).We machined each groove with separately tools. 
Applied cutting speed values: 
 vc = 200; 300; 500 m/min. 
 
At using of 1. type, three-edged machining tool, after milling of two grooves was visible the unsuitability for the task. The 
loosing chip adhered by adhesive bond to surface of tool. The built-up edge proved to be such at increasing of depth of cut on 
tool, at higher density aluminium foam, that it prevented the chip evacutation and blocked the grooves of tool (Fig. 12). It led to 
break of tool.  
  
Fig.12. Adhesion between tool and workpiece 
The second type of tool was polished and had just two edges. It proved to be advantageous, because chip can leave the cutting 
zone smoothly. 
We photographed the tool at exiting from groove by thermal camera (Fig. 13), watching the maximum temperature. 
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Fig. 13. Cutting temperature during ultrasonic machining 
We investigated tools by microscope. On the base of microscope pictures it can be stated, that built-up edge formed later (Fig. 
14). Considerable difference did not occure at each cutting speeds. 
 
Fig. 14. Build-up edge on tool no. 2 
Summary 
The advantage of ultrasonic machining showed at most on work-piece: while material smeared (negative burr formation) at 
conventional machining machines, the surface lost its cell structure. At ultrasonic machining surface  preserved its original 
appearance. 
The negative burr formation theory was not present in the existing literature. The new burr formation occurs mostly at foam 
materials, where the burr can be embedded into the cells. This fact raises many new questions, for example, how can be removed 
the negative burr. We could create a structured surface, when the negative burr was present only slightly. Fig. 15. presents 
comparative inclusion 
Using of ultrasonic technology is definitely preferred, that the preservation of structure is substantial at final using of machined 
piece. For minimizing of built-up edge are needed further researches of ultrasonic technology. 
As you could see, is actual to deal with the mechanizm of burr formation and with its economic implications. Most of companies 
spend a lot of money for deburring technologies. We can access decreasing of built-up edge  with the ultrasonic technology. 
Probably the magnitude of built-up edge is closely related to burr formation. This research is a good starting basis for further 
R&D projects. 
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Fig. 15. Comparison of conventional and ultrasonic milling technology 
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